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Abstract 


An  optically  pumped  molecular  bromine  laser  was  studied  to  investigate  the  quenching 
kinetics  ^  the  B^O^u^j^state  of  Br2.  This  included  characterization  of  the  pressure 
dependence  of  the  laser  output  power. 

The  approach  was  to  excite  molecular  bromine  in  a  sealed  cell  with  a  Nd.  YAG  pumped 
dye  laser.  Unresolved  side  fluorescence  and  amplified  stimulated  emission  (ASE)  spectra 
were  recorded.  ASE  offered  the  advantage  of  a  simpler  optical  system  with  no  externally 
induced  wavelength  dependencies.  Stimulated  emission  as  a  signal  monitor  offered  greater 
resolurion  than  side  fluorescence  spectra  and  facilitated  spectroscopic  assignment.  The 

<--.4 

70  Q1 

spectra  obtained  were  attributed  to  the  (14,0)  band  of  the  Br  Brisotope.  The  ASE output 
power  peaked  around  Br2  pressures  from  8-12  Toit.  A  total  removal  rate,  including  all 
processes  which  remove  population  from  the  upperlaserlevel.of  2.9  x  10’^*^cm^  molecule  ' 
s'*  is  propo.sed.  This  removal  rate  is  consistent  with  the  ASE  output  pressure  dependence 
and  the  observed  time  delay  between  the  dye  pump  beam  and  ASE  pulses. 

Invened  side  fluorescence  measurements  were  obtained.  These  spectra  appear  real  and 
attributable  to  Br2  due  to  agreement  between  observed  and  calculated  differences  of  adjacent 


lines.  However,  these  spectra  could  not  be  duplicated  with  a  different  pump  source. 


IX 


AN  OPTICALLY  PUMPED  MOLECULAR  BROMINE  LASER 


I.  Introduction 


A.  Background 

Visible  chemical  lasers  are  of  great  interest  as  potential  directed  energy  weapons  and  as 
diagnostic  tools  (1:1).  The  diatomic  interhalogens  appear  to  be  suitable  candidates  for 
visible  lasing  (2;  191 ).  The  spectroscopy  and  kinetics  of  the  interhalogens  have  been  studied 
extensively  (3;  4).  While  the  demonstration  of  a  visible  chemical  laser  is  difficult,  the 
kinetics  of  visible  chemical  lasers  can  be  approximated  by  an  optically  pumped  laser  (1:6). 
Optical  pumping  schemes  have  been  used  to  demonstrate  lasing  of  I2,  IF,  and  Br2  (2:191). 

Optical  pumping  facilitates  the  modeling  of  the  laser  medium.  Using  an  appropriate 
pump  laser  to  optically  pump  the  gain  medium  at  a  specific  wavelength,  a  ponion  of  the 
ground  state  populadon  is  excited  to  a  state  of  higher  energy.  If  enough  atoms  are  excited 
to  create  a  population  inversion,  and  to  exceed  losses  due  to  collisions  and  radiative 
transitions,  lasing  will  occur.  The  resulting  stimulated  emission  spectra  can  be  recorded  and 
analyzed.(5:l) 
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B.  Problem 


The  diatomic  halogen  molecules  "have  been  found  an  ideal  class  of  molecule  for  which 
the  novel  propenies  of  lasers  operating  at  visible  wavelengths  can  be  utilized"(4:177). 
Molecular  bromine  is  one  of  the  diatomic  halogens  which  has  been  studied  extensively  (3; 
6;  7;  8;  9;  10). 

Wodarczyk  and  Schlossberg  observed  lasing  from  molecular  bromine  in  the  visible  and 
near  infrared  when  optically  pumped  at  532  nm.  The  laser’s  output  peak  power  as  a  function 
of  Br2  pressure  was  found  to  vary  with  changes  to  the  pump  energy.  As  the  pump  energy 
was  lowered  the  peak  output  power  shifted  to  lower  Br2  pressures.  Fairly  high  gains  were 
reported.  The  power  output  of  the  Bii  was  limited  by  the  B^n(Ou^)  state’s  large  quenching 
cross  section  and  collisional  predissociation.  (11:4476-4482) 

Clyne  et  al.  performed  laser-excitation  experiments  of  Br2  to  investigate  the  rates  of 
energy  transfer  in  the  B  state.  Their  studies  were  conducted  using  various  collision  partners. 
A  quenching  rate  for  Br2  self-deactivation  from  the  v’  =  14  level  was  reported  as  (4.2  +.1 .3) 
X  10’^^  cm^  molecule*^  s"'.  Reported  quenching  rates  for  deactivation  by  other  collision 
partners  were  significantly  lower.  (8:963-964,  971-977) 

Perram  and  Davis  performed  studies  of  an  optically  pumped  Br2  laser.  The  laser  was 
operated  at  Br2  pressures  up  to  60  Torr.  Power  output  was  examined  as  a  function  of  Br2 
pressure  and  was  strongly  peaked  at  Br2  pressures  of  10  to  15  Torr,  very  similar  to  the 
observations  of  Wodarczyk  and  Scluossberg.  Modeling  of  the  Br2  laser  kinetics  yielded  a 
removal  rate,  which  included  all  population  r  moval  processes  from  the  upper  laser  level, 
on  the  order  of  2.5  x  10"'^  cm^  molecule"'  s"'.  These  results  appear  to  be  in  disagreement 
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with  the  value  reported  by  Clyne  et  al.  In  addition  to  the  described  work,  the  authors  found 

Br2  gain  to  be  on  the  order  of  0. 1 1/cm  and  observed  Amplified  Spontaneous  Emission  (ASE) 

from  the  v’  =  13,  P(46)  line  of  the  Br2.(  12:2526-2533) 

Van  De  Burgt  and  Heaven  conducted  an  investigation  of  the  electronic  self-quenching 

of  the  B  state  of  Br2.  Deactivation  by  Br2(X)  and  He  over  a  pressure  range  of  0.002-5  Torr 

was  examined.  A  quenching  rate  constant  of  (4.2  ±  0.5)  x  10’^^  cm^  molecule'^  s’^  was 

reported.  This  is  in  close  agreement  with  Clyne  et  al.  A  total  removal  rate,  including  the 

effects  of  the  quenching  rate  and  rotational,  and  vibrational  energy  transfer  rates,  was 

9  3  -11 

reported  to  be  on  the  order  of  1.4  x  10'  cm  molecule  s  .  This  is  drastically  different 
from  the  rate  of  2. 5  x  lO'^^cm^  molecule*^  s’*  suggested  by  Perram  and  Davis.  (13:407-416) 
Thus,  even  though  molecular  bromine  has  been  studied  extensively,  the  kinetics  of  the 
upper  laser  level  are  not  clear.  The  quenching  rates  reported  by  Clyne  et  fl/.(8)  and  Van  De 
Burgt  and  Heaven  (13)  are  not  consistent  with  the  laser  output’s  pressure  dependence 
measured  by  Perram  and  Davis  (12’2531). 

C.  Objective 

The  primary  objective  of  this  effort  was  to  investigate  the  quenching  kinetics  of  the  B 
state  of  Br2  through  a  detailed  characterization  of  an  optically  pumped  molecular  bromine 
laser.  This  included  characterization  of  the  pressure  dependence  of  the  laser. 

The  approach  was  to  optically  pump  molecular  bromine  in  a  sealed  cell.  As  the  single 
p;  ss  gain  for  molecular  bromine  is  high,  on  the  order  of  0.11/cm  (12:2532),  amplified 
spontaneous  emission  (ASE)  was  employed.  Measurements  of  side  fluorescence  and 
stimulated  emission  spectra  were  recorded.  Perram  and  Davis,  in  their  study  of  an  optically 
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pumped  Br2  laser,  found  stimulated  emission  as  the  signal  monitor  afforded  much  greater 
resolution  than  did  side  fluorescence  as  a  signal  monitor  (12:2527).  The  Brz  laser  output 
consisted  of  a  series  of  P-R  doublets  as  observed  in  earlier  experiments  ( 1 1 ;  1 2).  Assignment 
of  the  excitation  spectral  lines  was  accomplished  using  the  constants  of  Barrow  et  al.  (3). 
Power  output  was  examined  as  a  function  of  Br2  pressure.  Data  was  collected  for  Br2 
self-deactivation.  The  output  power’s  dependence  on  the  buffer  gas  pressure  was  anticipated 
by  a  simplified  kinetic  model 

P  =  Poexp(-k[M]tD)  (1) 

where  P  is  the  laser  output  power,  Po  is  an  initial  condition  constant,  M  is  the  buffer  pressure, 
k  is  the  collisional  rate  constant  for  all  losses  from  the  prepared  (pumped)  level,  and  to  is 
the  time  delay  between  the  pump  pulse  and  the  Br2  laser  pulses  (5:41).  This  simplified 
model  has  also  been  used  to  study  quenching  of  an  optically  pumped  I2  laser  (5).  The 
quenching  rates  extracted  via  the  kinetic  model  were  compared  with  previous  experimental 
results  and  a  mechanism  for  depopulation  of  the  upper  laser  level  was  proposed. 

D.  Presentation 

Chapter  II  contains  theoretical  background  relevant  to  this  thesis.  This  includes  infor¬ 
mation  on  molecular  energy  levels  and  transitions,  optically  pumped  diatomic  lasers, 
amplified  spontaneous  emission,  and  a  short  history  of  molecular  bromine  studies. 

Chapter  III  provides  descriptions  of  the  experiments  performed  including  details  of  the 
experimental  apparatus. 

Chapter  IV  supplies  results  and  discussion.  This  includes  spectroscopy  and  pressure 
dependence  studies. 


4 


Chapter  V  offers  a  summary  and  conclusions  of  this  work  and  an  outline  of  suggested 


future  efforts. 
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II.  Theory 


A.  Molecular  Energy  Levels  and  Transitions 

The  potential  energy  curves  of  a  diatomic  molecule  are  a  function  of  the  intemuclear 
spacing  of  the  atoms  making  up  the  molecule.  The  potential  energy  curve  for  an  harmonic 
oscillator,  a  parabolic  well,  is  divided  into  uniformly  spaced  vibrational  energy  levels.  These 
vibrational  energy  levels  are  in  turn  subdivided  into  rotational  energy  levels  as  illustrated  in 
Figure  1.  Thus,  the  diatomic  molecules  possess  electronic,  vibrational,  and  rotational 
energy.  These  various  energy  levels  give  rise  to  rotational  (far  infrared  to  microwave), 
vibrational-rotational  (mid  infrared),  and  electronic  (visible  to  ultraviolet)  transitions.  An 
important  part  of  spectroscopy  is  to  analyze  these  transitions  and  determine  the  vibrational 
and  rotational  energy  levels  involved.(  15:55 1-553) 

The  molecule’s  energy  levels  are  identified  by  vibrational  and  rotational  quantum 
numbers,  v  and  J.  The  electronic  energy  above  ground  state  is  Tc,  the  vibrational  energy  is 
denoted  Gv  and  the  rotational  energy  is  termed  Fj.  The  vibrational  and  rotational  energy 


are  given  by  equations  1  and  2  respectively; 

Gv  =  we(v  +  0.5)  -  wcXc(v  -i-  0.5)^  -+•  weyc(v  +  0.5)^  +  .  .  .  (2) 

Fj  =  BvJ(J  +  1)  -  DvJ^(J  +  lf  +  HvJ^(J  1)^  -t- . . .  (3) 

with  Bv  =  Be  +  cxc(v  -t-  0.5)  re(v  +  0.5)^  +  . .  .  (4) 

Dv  =  De  +  Pc(v  0.5)  +  . . .  (5) 

Hv  —  He  +  . . .  (6) 


where  wc,  weXc,  wcye,  Be,a  e,  Fc,  De,  Pe,  and  He  are  molecular  constants.(5: 1 51-152)  These 
constants,  as  derived  by  Barrow  et  al.O)  for  Brz,  are  contained  in  Table  1. 
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Equation  6  yields  the  molecular  rovibronic  transition  energy  v: 

v  =  vo  +  (Gv’-Gv")  +  (Fj’-Fn  (7) 

"where  vo  (the  band  origin)  is  the  transition  energy  between  electronic  states  of  the  molecule 
with  no  rotational  or  vibrational  energy"  (5:12).  Single  primes  are  used  to  designate  the 
upper  energy  level  and  double  primes  the  lower  energy  level  of  the  transition.  Vibrational 
transitions  are  labelled  by  the  upper  and  then  lower  vibrational  quantum  numbers  as 
(v\v").(5:ll-12) 
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TABLE  1 


MOLECULAR  CONSTANTS  FOR  Br2 
and  B^Ou'*'  STATES  (3:440) 
-  ISU-, - 


Pgjj^^ll 

i^mniiii 

Too 

15823.47 

15824.46 

15822.96 

Te _ 

15902.47 

15902.47 

15902.47 

^nOu^  State  V  <  8 

We 

167.6066 

rnsmHHi 

WeXe 

1.63608 

-9.3687 

5.9589 

4.89095 

-6.6369 

Ic _ 

2.6116k 

2.6116k 

2.6116k 

3.013 

2.866 

2.939 

'ig"^  State  v<  10 

We 

325.3213 

weXc 

1.07742 

-2.29798 

(-2.2134) 

8.2107 

3.1873 

-1.045 

2.28 107A 

2.28107A 

2.28 107A 

lEtilsIil^HSi^l 

2.092 

1.990 

2.041 

Values  in  parentheses  are  calculated  from  isotope  effects  with 

^V  =  39.45915,  V  = 

40.45815,  =  39.95240 
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The  possible  transitions  can  be  split  into  three  branches,  P,  Q,  and  R.  The  assignment  of 
the  branch  is  determined  by  the  change  in  the  rotational  quantum  number  J.  The  transition 
is  assigned  to  the  P  branch  if  AJ  =  - 1 ,  to  the  Q  branch  if  AJ  =  0,  and  to  the  R  branch  if  A  J 
=  +1.  The  Q  branch  does  not  appear  for  most  diatomic  molecules.  Rotational  transitions 
are  labeled  by  the  lower-state  J"  values.(15:555-556)  Figure  2  presents  an  energy  level 
diagram.  Note  the  P(2)  and  R(0)  transitions  of  the  (0,0)  band  and  the  P(3)  and  R(3) 
transitions  of  the  (0,1)  band  are  labelled  as  described  previously. 
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Figure  1.  Molecular  Potential  Energy  Curve  (5:18) 
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INTCRNUCLEAR  DISTANCE  (A) 


B.  Optically  Pumped  Diatomic  Lasers 

An  optically  pumped  diatomic  laser  uses  a  pump  source,  usually  a  tunable  dye  laser,  to 
excite  molecules  from  the  ground  state  to  a  higher  energy  level  (16:385).  Lasing  occurs 
when  a  population  inversion  is  created  and  losses  due  to  collisions  and  radiative  transitions 
are  overcome  (5:1).  The  diatomic  halogen  and  interhalogen  B-X  systems  are  of  great 
interest  as  optically  pumped  diatomic  lasers  due  to  their  displaced  potential  energy  curves. 
The  intemuclear  spacing  of  the  B  (excited)  state  is  shifted  with  respect  to  the  X  (ground) 
state. (5:5)  In  accordance  with  the  Franck-Condon  principle,  which  states  that  electronic 
processes  (transitions)  must  take  place  along  a  vertical  path  (constant  intemuclear  spacing), 
the  most  likely  B-X  transitions  will  terminate  on  high  vibrational  levels  (v")  of  the  X  state. 
The  potential  energy  curves  of  Br2,  Figure  3,  show  this  shift  of  the  B  state  relative  to  the  X 
state  which  is  typical  of  the  halogens.  As  the  vibrational  levels  initially  have  a  Boltzmann 
distribution,  the  high  v"  levels  are  basically  unpopulated  in  thermal  equilibrium.(17:168- 
169).  Thus,  molecules  excited  from  the  X  state  to  a  specific  rotational  level  of  the  B  state 
will  create  a  population  inversion  between  the  B  state  vibration  level  (v’)  and  the  unpopu¬ 
lated  high  v”  level  of  the  ground  state.  Once  this  inversion  is  created  and  losses  due  to 
collisions  and  radiative  transitions  are  exceeded,  lasing  will  occur  as  the  molecule  transitions 
from  a  B  state  (v’,  J’)  to  an  X  state  high  (v",J"). 

An  optically  pumped  diatomic  laser  may  be  modeled  as  a  three  level  or  a  four  level  laser 
cycle  (5:26).  In  a  three  level  cycle,  a  molecule  is  pumped  from  the  ground  state  to  the  excited 
state  (v’).  Once  in  the  v’  excited  state,  it  transitions  directly  to  a  high  v"  level  of  the  X  state 
and  lasing  occurs.  The  molecule  subsequently  relaxes  from  the  high  v"  level  to  the  low-lying 
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vibrational  levels  of  the  ground  state.(  15:307)  The  relaxation  to  ihe  low-lying  vibrational 
levels  is  due  to  collisions  and  radiative  transitions  (5:29).  Thus,  in  the  three  level  diatomic 
laser,  the  stimulated  emission  occurs  from  the  level  excited  by  the  pump  (16:385).  In  the 
four  level  cycle,  a  molecule  is  again  pumped  from  the  ground  state  to  an  excited  state  (v’). 
However,  once  in  the  excited  v’  level,  the  molecule  relaxes  to  a  lower  J’  or  even  a  lower  v’ 
level  before  transitioning,  and  lasing,  to  the  high  v"  level  of  the  g^'und  state.  The  molecule 
then  relaxes  to  the  low-lying  vibrational  levels  of  the  ground  state  as  it  did  in  the  three  level 
cycle.(15:307)  Thus,  in  the  four  level  diatomic  laser,  the  pump  energy  is  spread  over  several 
J’  or  even  v’  levels  by  relaxation  and  stimulated  emission  can  result  from  each  of  these  levels. 
As  the  pump  energy  is  spread  over  several  J’  or  v’  levels,  the  population  inversion  is  not  as 
great  and  four  level  lasing  is  observed  less  frequently.(16:385)  These  optically  pumped 
diatomic  laser  cycles  are  illustrated  in  Figure  4.  Thus,  the  major  difference  between  the 
three  and  four  level  cycles  is  that  in  the  four  level  cycle  the  upper  laser  level  and  the  pumped 
level  are  different  (5:29). 
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re  (ANGSTROMS) 


Figure  3.  Potenrial  Energy  Curves  for  Br2  (17:169) 


(a  ) 


Figure  4.  Optically  Pumped  Diatomic  Laser  Cycles 
Three  Level  Cycle  (a)  and  Four  Level  Cycle  (b)  (5:27) 
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C.  Amplified  Spontaneous  Emission 

A  typical  laser  uses  an  optical  cavity  to  promote  oscillation,  enhance  gain,  and  reach 
lasing  threshold.  However,  if  the  laser  medium  is  of  very  high  gain,  mirrorless  lasing  can 
be  achieved.  In  the  latter  case.  Amplified  Spontaneous  Emission  (ASE),  the  medium  absorbs 
the  pump  energy  and  is  allowed  to  radiate  via  spontaneous  emission.  The  radiation  due  to 
spontaneous  emission  is  incoherent  and  proceeds  in  all  directions  including  along  the 
medium’s  axis.  Spontaneous  emission  is  continuously  added  along  the  medium’s  axis  and 
at  the  same  time  the  power  from  previous  sections  of  the  medium  is  amplified  exponentially 
by  stimulated  emission.  The  resultant  emission  can  be  very  intense  for  certain 
media.(15:210)  ASE  has  been  observed  for  both  I2  and  Bri  (12:2532). 

The  output  of  a  medium  which  supports  mirrorless  lasing  or  ASE  will  be  controlled  by 
the  gain  of  the  individual  transitions.  This  can  be  v-..y  osefui  in  examining  the  medium’s 
spectroscopic  and  kinetic  characteristics.  The  excited  states  of  a  molecule  can  be  selectively 
populated  v  a  absorption  of  a  tunable  pump  sniii.'c  and  subsequently  either  the  side 
fluorescence  or  stimulated  emission  may  be  monitored.  Knowing  that  only  transitions  w'ith 
relatively  high  Franck-Condon  factors  will  be  able  to  exceed  threshold  and  suppon  mirror¬ 
less  lasing,  or  ASE,  facilitates  data  analysis. (5:34) 

A  simplified  model  for  the  kinetic  processes  of  pulsed  optically  pumped  ASE  of  the  b 
B-X  system  was  developed  by  Glessner.  Glessner  noted  that  "the  populations  of  the  various 
levels  involved  would  be  functions  of  vibration,  rotation,  position  along  the  gain  length,  and 
time"(5:38).  Glessner  further  noted  several  complications,  such  as  the  possibility  of 
randomly  initiated  ASE  and  depletion  due  to  ASE  which  is  not  in  the  proper  solid  angle, 
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which  made  difficult  the  development  of  a  total  model.  However,  Glessner  was  able  to 
develop  a  simplified  kinetic  model  which  described  the  total  loss  from  the  upper  energy 
state.  (5:38-42)  The  following  treatment  for  a  simplified  kinetic  model  of  the  Br2  B-X 
system  parallels  Gleociier’s  approach.  The  model  incorporates  the  following  assumptions: 

1)  The  gain  medium  is  an  optically  pumped  three  level  system  as  shown  in  Figure  5a. 

2)  Both  the  pump  and  ASE  pulses  are  considered  instantaneous  and  copropagating. 

3)  Only  the  total  energy  per  pulse  is  considered. 

4)  There  is  a  time  delay  between  the  pump  and  ASE  pulse  as  shown  in  Figure  5b.  (5:39) 
Collisional  losses  from  the  prepared  (pumped)  level  are  described  as: 

k 

Br2(B:v’,J’)-^M->Br2-^M  (8) 

where  Br2(B:v’,J’)  is  the  prepared  (pumped)  level,  M  is  any  collision  partner,  Br2  is  any 
state  other  than  the  prepared  (pumped)  state,  and  k  is  the  collisional  rate  constant.  From 
Equation  8  it  follows  that 

d[Br2(B:v’,J’)]/dt  =  -k[Br2(B:v’,J’)][M]  (9) 

Now,  letting  N2  =  Br2(B:v’,J’)  yields 

dN2/dt  = -kN2[M]  (10) 

Solving  for  N2  as  a  function  of  time  produces 

N2(t)  =  N2(0)exp(-tk[M])  (11) 

where  N2(t)  is  the  population  density  of  the  prepared  (pumped)  level  at  time  t,  N2(0)  is  the 
population  density  of  the  prepared  (pumped)  level  at  time  zero,  k  is  the  collisional  rate 
constant  for  all  losses  from  the  prepared  (pumped)  level,  and  [M]  is  the  buffer  concentration. 
N2,  the  population  density  of  the  prepared  (pumped)  level,  is  shown  as  a  function  of  time 
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COLLISIONAL 


Figure  5.  ASE  Kinetic  Mcxiel.  Schematic  energy  level  diagram  (a), 
time  history  of  transitions  (b),  and  upper  state  population  (c).(5:40) 

in  Figure  5c.  Note  that  the  population  N2  decays,  due  to  collisions,  from  its  peak  value 
N2(0)  to  a  lower  value  N2(tD)  at  time  to.  Time  to  is  the  delay  time  between  the  pump  pulse 
and  the  ASE  pulse.  Assuming  the  lasing  transitions  terminate  on  a  single  (v,J)  level,  which 
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is  not  necessarily  true,  mirrorless  lasing  or  ASE  ceases  when  the  population  of  the  prepared 
(pumped)  level  reaches  a  value  of  N2(tD)/2  as  there  is  no  longer  a  population  in  version. (5:36- 
42)  As  the  ASE  output  power  is  proportional  to  N2(tD),  Equation  1 1  leads  to: 

P  =  Po  exp  (-k[M]tD)  ( 1 ) 

where  P  is  the  laser  output  power,  Po  is  an  initial  condition  constant  dependent  on  the  buffer 
concentration  at  time  zero  (N2(0)),  and  tD  is  the  lime  delay  between  the  pump  pulse  and  the 
Br2  laser  pulses  (5:41).  This  simplified  model  has  been  used  to  study  quenching  of  an 
optically  pumped  I2  laser  (5).  The  quenching  rates  extracted  via  the  kinetic  model  were 
compared  with  previous  experimental  results  and  a  mechanism  for  depopulation  of  the  upper 
laser  level  is  proposed. 

D.  Molecular  Bromine  Studies 

Considerable  information  is  available  for  the  electronic  states  of  the  diatomic  halogen 
molecules  (3;  4;  17).  Molecular  bromine  is  one  of  the  diatomic  halogens  which  has  been 
studied  extensively  and  has  been  successfully  lased  (11;  12). 

Wodarczyk  and  Schlossberg  observed  lasing  from  molecular  bromine  in  the  visible  and 
near  infrared  when  optically  pumped  at  532  nm.  They  used  a  21  cm  long  stainless  steel  laser 
cell  with  Pyrex  Brewster  windows  to  hold  the  room  temperature  Br2.  Br2  pressures  within 
the  cell  ranged  from  0.7  to  40  Torr  for  the  experiments.  A  34  cm  long  optical  cavity  with 
dielectric  coated  end  mirrors  enclosed  the  laser  cell.  The  end  mirrors  (two  sets)  were  coated 
to  facilitate  lasing  in  either  the  visible  or  infrared.  A  frequency  doubled  Nd:YAG  laser  and 
intercavity  etalon  were  used  to  generate  a  532  nm  0.03  cm'^  wide  pump  signal.  The  laser 
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oscillated  at  several  wavelengths,  termed  broadband  lasing  by  Wodarczyk  and  Schlossberg, 
when  the  cavity  consisted  of  only  the  laser  cell  and  end  mirrors.  Insertion  of  a  prism  into 
the  cavity  allowed  selection  of  individual  wavelengths  for  observation.  Spectroscopic 
assignments  of  the  individual  lines  were  based  on  the  constants  of  Barrow  et  al.  (3).  The 
lasing  output  was  found  to  consist  of  P  and  R  doublets  in  all  cases.  The  laser’s  output  peak 
power  as  a  function  of  Br2  pressure  was  found  to  vary  with  changes  to  the  pump  energy.  As 
the  pump  energy  was  lowered  the  peak  output  power  shifted  to  lower  Br2  pressures.  Fairly 
high  gains,  0.05-0.40  cm’*  per  pass,  were  reported  due  in  pan  to  the  high  pressures  attainable 
with  Br2  at  room  temperature.  The  power  output  of  the  Br2  was  limited  by  the  B  state’s 
large  self-quenching  cross  section  and  collisional  predissociation.  (11:4476-4482) 

Clyne  et  al.  performed  laser-excitation  experiments  of  Br2  to  investigate  the  rates  of 
energy  (electronic,  vibrational,  and  rotational)  transfer  in  the  B  state.  Their  studies  were 
conducted  using  various  collision  partners  namely,  Br2,  Ar,  He,  N2,  and  CI2.  The  experiment 
involved  populating  selected  ro- vibrational  states  of  the  bromine’s  excited  B  state.  Both  a 
cw  dye  laser  operating  in  a  single  longitudinal  mode  and  a  1  pm  bandwidth  pulsed  dye  laser 
were  used  as  excitation  sources. (8:961)  The  pulsed  dye  laser  studies  are  most  relevant  to 
this  thesis  and  therefore  will  be  focused  upon.  For  the  pulsed  dye  laser  studies,  selected  B 
state  vibrational-rotational  levels  were  populated.  Fluorescent  decay  rates  of  various  Brz 
pressures,  up  to  100  mTorr,  were  recorded  by  a  photomultiplier  and  subsequently  digitized 
for  analysis.  Electronic  deactivation  was  assigned  to  collisional  predissociation  and  there¬ 
fore  thought  to  be  very  efficient.  A  Stem-Volmer  (S  V)  analysis  of  the  fluorescent  decay  data 
was  used  to  examine  quenching  rate  constants  for  Br2  self-deactivation  and  deactivation  by 
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other  partners.  It  was  noted  that  the  SV  plots  showed  a  strong  dependence  on  J’.  Reponed 
quenching  rates  for  Br2self-deactivation  from  the  v’=  14  level  ranged  from  (4. 1-9.2)  x  10’'^ 
cm^  molecule'^  s’^  with  the  value  reported  as  (4.2  ±_1.3)  x  10’^^  cm^  molecule'*  s’*. 
Reported  quenching  rates  for  deactivation  by  Ar  (1. 7-4.5)  x  10'*^  cm^  molecule'*  s’*,  CI2 
(3.9-6.0)  X  10'*^  cm^  molecule’*  s’*,  and  He  2.3  x  10’***  cm^  molecule’*  s’*  were  somewhat 
lower.(8:963-964;  971-977) 

Perram  and  Davis  performed  studies  of  an  optically  pumped  Br2  laser.  A  dye  laser 
(550-575  nm  range)  was  used  to  pump  the  v’  =  12-17  levels  of  the  B  state  of  Br2.  The  Br2 
was  sealed  in  a  60  cm  long  Brewster  windowed  Pyrex  cell.  The  cell  was  contained  in  a  laser 
cavity  having  dielectric  coated  mirrors  with  a  3  m  radius  of  curvature.  The  laser  was  operated 
at  Br2  pressures  up  to  60  Torr.  Excitation  spectra  were  recorded  with  side  fluorescence  and 
stimulated  emission  as  a  signal  monitor.  As  Figure  6  shows,  stimulated  emission  as  the 
signal  monitor  afforded  much  greater  resolution.  Power  output  was  examined  as  a  function 
of  Br2  pressure  (1 .5-60  Torr)  and  was  strongly  peaked  at  Br2  pressures  of  10  to  15  Torr.  This 
is  very  similar  to  the  peak  output  versus  Brz  pressure  observed  by  Wodarczyk  and 
Schlossberg.  Modeling  of  the  Br2  laser  kinetics  yielded  a  removal  rate,  including  all 
processes  which  remove  population  from  the  upper  laser  level,  on  the  order  of  2.5  x  10’*** 
cm  molecule’  s  .  Figure  7  shows  Br?  output  power  versus  Br2  pressure.  Values  measured 
by  Perram  and  Davis  as  well  as  predicted  curves  using  removal  rates  of  2.5  and  5.0  x  10’*** 
cm  molecule’  s’  are  shown  in  the  figure.  Note  that  the  measured  data  more  closely 
resembles  the  2.5  x  10’***  cm^  molecule'*  s’*  predicted  curve.  These  results  appear  to  be  in 
disagreement  with  the  value  of  (4.2  ±  1.3)  x  10’***  cm^  molecule’*  s’*  reported  by  Clyne  et 
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al.  Perram  and  Davis  note  the  faster  rates  reported  by  Clyne  et  al.  were  obtained  at  Br2 
pressures  several  orders  of  magnitude  lower.  Therefore,  the  faster  rates  may  contain  R-T 
transfer  contributions.  At  higher  pressures,  quenching  effects  will  dominate  over  predis¬ 
sociation  and  R-T  transfer  contributions  should  be  negligible  and  would  lead  to  slower 
removal  rates.  In  addition  to  the  described  work,  the  authors  found  Br2  gain  to  be  on  the 
order  of  0.11/cm  and  observed  ASE  from  the  v’=  13,  P(46)  line  of  Br2.  (12:2526-2533) 
Van  De  Burgt  and  Heaven  conducted  an  investigation  of  the  electronic  self-quenching 
of  the  B  state  of  Br2.  A  pulsed  dye  laser  was  used  to  excite  molecules  to  specific  rovibrational 
levels.  Observations  of  real  time  fluorescence  decay  allowed  the  measurement  of  Br2  B 
state  lifetimes.  Deactivation  by  Br2(X)  and  He  over  a  pressure  range  of  0.002-5  Torr  was 
examined.  Stem  Volmer  (S  V)  plots  and  a  computer  model  of  spontaneous  decay,  quenching, 
and  energy  transfer  were  used  in  data  analysis.  SV  plots  for  J’  <15  and  pressures  <5  Ton- 
exhibited  significant  curvature  due  to  competition  between  spontaneous  and  collisional 
deactivation.  For  higher!’  values  the  SV  plots  were  linear.  Effective  Br2  self-deactivation 
rates  ranging  from  (4.0-1 1)  x  lO  '^  cm^  molecule’*  s’*  were  measured  for  pressures  of  0-2 
Torr.  A  quenching  rate  constant  of  (4. 2  +  0.5)  X  10’***  cm^  molecule'*  s-*  was  reported.  This 
is  in  close  agreement  witli  Clyne  et  al.  Rotational  energy  transfer  rates  were  reported  to  be 
(6 +_2)  X  10’***  cm^  molecule’*  s’*  and  vibrational  energy  transferrates  were  believed  to  be 
on  the  order  of  (2. 5-3. 5)  x  10'***  cm^  molecule’*  s’*.  This  yielded  a  total  removal  rate  on 
the  order  of  1.4  x  10  cm  molecule  s  which  is  drastically  different  from  the  rate  of  2.5 
X  10'***  cm^  molecule’*  s’*  suggested  by  Perram  and  Davis.  Effective  deactivation  rates  for 
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He  as  a  collision  partner  at  pressures  of  0-5  Torr  were  measured  to  be  less  than  2  x  10’^® 
cm^  molecule'*  s'*.  (13:407-416) 

Thus,  even  though  molecular  bromine  has  been  studied  extensively,  the  kinetics  of  the 
upper  laser  level  are  not  clear.  The  quenching  rates  reported  by  Clyne  et  a/.(8)  and  Van  De 
Burgt  and  Heaven  (13)  are  not  consistent  with  the  laser  output’s  pressure  dependence 
measured  by  Perram  and  Davis  (12:2531). 
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Figure  6.  Excitation  Spectra. 

Spontaneous  Side  Fluorescence  as  a  Signal  Monitor  (a) 
and  Stimulated  Emission  as  a  Signal  Monitor  (b).(12:2528) 
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LASING  INTENSITY  (ARBITRARY  UNITS) 


Figure  7.  Br2  Laser  Output  as  a  Function  of  Br2  Pressure 

A  indicates  measured  values,  —  indicates  predicted  curve  with 
10  3  11  ^ 

2.5  X  10  cm  molecule’  s’  rate,  and  -O-  indicates  predicted 

curve  with  2.5  x  10’*®  cm^  molecule'*  s'*  rate. (12:2531) 
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in.  Experimental 


A.  Pump  Source 

Two  pump  sources  were  used  during  this  effort.  A  Lambda  Physik  excimer  and  dye  laser 
system  served  as  the  pump  source  for  early  side  fluorescence  measurements.  However,  the 
excimer  laser  developed  a  gas  leak  and  became  unusable.  For  the  remaining  side  fluores¬ 
cence  and  all  stimulated  emission  measurements,  a  Quanta-Ray  Nd;YAG  pumped  dye  laser 
system  was  used  to  provide  a  tunable  pump  signal. 

The  Lambda  Physik  system  consisted  of  a  Model  EMG  101  MSC  Excimer  Laser  and  a 
Model  FL  3002  Dye  Laser.  The  excimer  laser  used  a  XeCl  active  medium  to  produce  a  308 
nm  pulse  with  a  linewidth  10  cm*'  to  drive  the  dye  laser.  Coumarin  540A  dye  was  used  in 
the  dye  laser  to  provide  a  tunable  output  signal  over  the  range  of  522  to  600  nm.  The  Lambda 
Physik  system  provided  approximately  17  ns  pulses  at  a  20  Hz  rate  with  ^3  mJ/pulse.  The 
dye  laser’s  linewidth  was  not  measured  prior  to  system  failure. 

The  Quanta-Ray  Nd:YAG  pumped  dye  laser  system  consisted  of  a  Q-switched  Nd:YAG 
laser  (DCR-3),  an  harmonic  generator  (HG-2)  containing  KDP  crystals,  and  a  pulsed  dye 
laser  (PDL-2).  The  Q-switched  Nd:YAG  1064  nm  output  was  frequency  doubled  to  532 
nm  by  the  harmonic  generator  to  drive  the  pulsed  dye  laser.  The  pulsed  dye  laser  contained 
a  motor  controlled  grating  which  allowed  for  output  wavelength  selection.  Rhodamine  590 
dye  was  used  in  the  pulsed  dye  laser  to  provide  pump  wavelengths  in  the  550-575  nm  range. 
The  Nd:  YAG  pumped  dye  laser  system  provided  8  ns  pulses  at  a  20  Hz  rate  with  a  bandwidth 
on  the  order  of  0.3  cm’^  The  system’s  output  ranged  from  13  to  48  mJ/pulse,  as  measured 
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by  a  Quantronix  504  Energy  Meter  and  501  Energy  Receiver,  over  the  550  to  575  nm  range 
when  operated  at  maximum  power  output.  The  bulk  of  experimental  work  was  limited  to 
pump  wavelengths  between  560  and  570  nm  where  the  system’s  output  was  >35  mJ/pulse. 
B.  Gain  Cell  and  Gas  Handling  System 

The  gain  ceU,  shown  in  Figure  8,  was  constructed  of  glass  with  a  0.5  inch  (12  mm) 
diameter.  The  gain  cell  was  terminated  on  each  end  with  removable  one  inch  diameter  glass 
windows  at  Brewster’s  angle.  The  removable  windows  were  required  to  allow  periodic 
cleaning.  The  length  of  the  gain  cell  from  input  to  exit  Brewster  windows  was  1 30  cm.  A 
gas  handling  system,  also  shown  in  Figure  8,  was  used  to  handle  the  Br2.  After  placing  the 
Br2  in  the  handling  system,  the  system  was  sealed.  Gas  pressures  were  monitored  with  an 
MKS  Baratron  PAR- 100  Pressure  Meter  and  221 AHS-A-100  100  Torr  Pressure  Transducer 
located  near  the  laser  o-  ..  The  Br2  was  subjected  torepeated  freeze-thaw-pumping  cycles 
with  liquid  nitroae;..  This  allowed  any  impurities  in  the  Br2  to  be  effectively  removed. 
Between  e  ^perimental  runs,  the  gain  cell  was  evacuated  to  <0.01  Torr.  A  cold  trap  was  used 
to  capture  any  residual  Br2  from  the  gain  cell  and  protect  the  Duo  Seal  Model  1 376  Vacuum 
Fump  during  cell  evacuation. 
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C.  Data  Acquisition 

As  described  earlier,  both  side  fluorescence  (perpendicular  to  the  excitation  beam)  and 
stimulated  emission  were  used  as  signal  monitors  during  data  acquisition.  In  order  to  block 
the  dye  pump  beam  from  the  detector,  630  nm  long-pass  filters  were  employed.  A 
photomultiplier  (RCA  Type  7326),  boxcar  integrator  (PARC  Model  162),  and  strip  chart 
were  used  to  record  the  stimulated  emission  intensity  and  unresolved  side  fluorescence  as  a 
function  of  pump  wavelength  at  specific  gas  pressures.  The  boxcar  integrator  averaged  the 
20  Hz  signal  and  provided  a  voltage  proportional  to  the  input  signal’s  intensity.  A  Tektronix 
Model  7834  Oscilloscope  was  used  to  monitor  the  photomultiplier  signal  and  boxcar 
integrator’s  gate.  The  Oscilloscope  was  also  used  to  measure  the  time  delay  between  the 
dye  laser  pump  pulse  and  Br2  ASE  pulse  during  stimulated  emission  experiments.  To 
measure  this  time  delay,  it  was  necessary  to  remove  the  630  nm  long  pass  filter  closest  to 
the  photomultiplier  to  allow  a  portion  of  the  dye  pump  beam  to  be  detected.  A  typical 
measurement  configuration  is  shown  in  Figure  9. 
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An  Optically  Pumped  Molecular  Bromine  Laser 


Figure  9.  Experimental  Setup 
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distance  from  ceil  Input  to  detector 


rv.  Results  and  Discussion 


A.  Spectroscopic  Assignments 

Spectra  were  obtained  using  both  side  fluorescence  and  stimulated  emission  as  signal 
monitors.  A  typical  side  fluorescence  spectra  depicting  the  majority  of  the  (14,0)  band  is 
shown  in  Figure  10.  This  spectra  along  with  additional  side  fluorescence  spectra  found  in 
Appendix  A  were  obtained  using  the  Quanta-Ray  Nd:YAG  pumped  dye  laser  system  as  the 
pump  source.  Using  the  constants  of  Barrow  etal.O),  it  can  be  determined  that  the  bandhead 
is  at  562.0  nm.  The  side  fluorescence  spectra  obtained  lack  the  resolution  necessary  to 
perform  detailed  assignments.  The  lack  of  resolution  is  due  to  the  presence  of  the  three 

7Q  7Q  7Q  81  81  81 

bromine  isotopes  (  Br  Br,  Br  Br,  and  Br  Br)  and  the  relatively  wide  bandwidth 
(0.3  cm'*)  of  the  dye  laser. 

Figure  1 1  shows  a  typical  excitation  spectra  of  the  (14,0)  band  using  stimulated  emission 

as  the  signal  monitor.  The  characteristic  P-R  doublet  structure  of  the  halogen  molecules  is 

apparent.  The  ASE  output  signal  being  monitored  fluctuated  between  shots  and  even  "turned 

off  at  times  implying  that  it  was  being  run  just  over  the  threshold  level.  As  the  bromine 

isotopes  Br  Br  and  Br  Br  each  have  relative  populations  of  approximately  one  half 
79  81 

the  Br  Br  isotope  population,  they  were  not  sufficiently  excited  to  achieve  the  threshold 

79  81 

level.  Therefore,  the  spectra  in  Figure  1 1  was  assigned  to  the  Br  Br  isotope  of  bromine. 
The  increased  resolution  provided  by  the  use  of  stimulated  emission  as  the  signal 
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Figure  11.  Stimulated  Emission  Spectra 


monitor  facilitated  further  spectroscopic  assignment.  Examination  of  the  second  differences 
between  adjacent  doublets  allowed  rotational  assignments  to  be  made.  Figure  12  shows  a 
comparison  of  the  measured  differences  AF(J)=P(J)-P(J+1)  with  the  differences  obtained 
using  the  constants  of  Barrow  et  al.O)  for  the  (14,0)  band.  The  observed  and  calculated 
differences  are  in  good  agreement. 


ROTATIONAL  LEVEL  J 


Figure  12.  Second  Differences  A  comparison  of  the  measured  differences 
AF(J)=P(J)-P(J+1)  with  the  differences  obtained  using  the  constants  of 
Barrow  et  al.O)  for  the  (14,0)  band. 
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B.  Side  Fluorescence  Spectra 

Side  Fluorescence  data  was  examined  to  observe  the  effect  that  changes  to  the  pump 
power,  the  bromine  vapor  pressure,  and  location  of  the  detection  device  with  respect  to  the 
gain  cell  input  have  on  the  magnitude  and  characteristics  of  the  side  fluorescence  spectra. 
As  the  pump  beam  proceeds  down  the  length  of  the  gain  cell,  more  and  more  of  the  input 
intensity  is  absorbed  resulting  in  a  dropoff  of  the  detected  side  fluorescence  output  intensity. 
The  detected  side  fluorescence  can  be  described  by: 

lout  =  lin  exp(AN  OSE  1)  (12) 

where  lin  is  the  intensity  of  the  pump  signal,  GSE  is  the  stimulated  emission  cross  section, 
and  1  is  the  distance  from  the  input  of  the  cell  (gain  medium)  to  the  location  of  the  detector 
(15:176).  AN  can  be  approximated  as: 

AN  =  N2-Ni=  -N1*  -P/(kT)  (13) 

where  N2  is  the  population  of  the  excited  energy  state  (assumed  zero  initially),  Ni  is  the 
population  of  the  unexcited  energy  state,  P  is  the  pressure  of  the  gain  medium  (bromine),  k 
is  Boltzmann’s  constant,  and  T  is  the  ambient  temperature.  Thus,  equation  (12)  can  be  recast 
as: 

lout  =  lin  expKPa  SE  l)/(k  T)]  (14) 

where  -(Pa  SE  l)/(k  T)  describes  the  absorption  of  the  media.  Equation  (14)  states  the 
measured  side  fluorescence  intensity  varies  linearly  with  respect  to  changes  of  the  input 
pump  intensity  (lin)  and  exponentially  with  changes  to  the  gain  medium  (bromine)  pressure 
(P)  or  changes  to  the  detector  distance  from  the  gain  cell  input  (1).  The  relationships 
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Figure  13.  Side  Fluorescence  as  a  Function  of  Input  Pump  Intensity:  Full  (a)  and  Reduced  (b)  Power 
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Figure  14.  Side  Fluorescence  as  a  Function  of  Bromine  Pressure 
Detector  located  25  cm  from  Cell  Input 
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INTENSITY  (ARBITRARY  UNITS) 


Figure  15.  Side  Fluorescence  as  a  Function  of  Detector  Location 
Bromine  Pressure  is  128  Torr 
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anticipated  by  Equation  (14)  are  confirmed  by  Figures  13,  14,  and  15  which  depict  side 
fluorescence  as  a  function  of  input  intensity,  bromine  pressure,  and  detector  location 
respectively. 

C.  Power  Output  vs  Br2  Pressure 

Mirrorless  lasing  or  ASE  was  observed  over  a  wide  range  of  bromine  pressures  (4-40 
Torr).  Stimulated  emission  was  used  as  a  signal  monitor  to  determine  the  peak  signal 
occurred  around  8- 1 2  Torr.  This  behavior  is  similar  to  the  output  peak  near  10  Torr  observed 
by  Wodarczk  and  Schlossberg  (11 :4480)  and  the  peaked  output  around  10-15  Torr  noted  by 
Perram  and  Davis  (12:2530).  The  relative  strength  of  the  Br2  mirrorless  lasing  was 
determined  by  two  different  methods  The  first  method  consisted  of  scanning  the  dye  laser 
over  the  (14,0)  band  and  averaging  the  magnitude  of  the  five  strongest  Br2  lines  observed 
while  holding  the  Br2  pressure  constant.  This  process  was  then  repeated  for  various  Bn 
pressures  similar  to  the  work  of  Perram  and  Davis.(  12:2530)  Figure  16  shows  the  resulting 
Br2  ASE  power  as  a  function  of  Brz  pressure  achieved  via  this  method.  It  should  be  noted 
that  the  data  is  fairly  erratic  as  denoted  by  the  error  bars.  This  is  due  to  the  fact  the  mirrorless 
lasing  was  occurring  very  near  threshold  which  resulted  in  an  output  beam  that  varied  in 
intensity  from  shot  to  shot.  The  solid  curves  of  Figure  16  will  be  explained  later.  Actual 
spectra  obtained  via  this  method  are  contained  in  Appendix  B. 

In  an  effort  to  average  out  some  of  the  erratic  nature  of  the  data  a  second  method  of 
determining  the  relative  strength  of  the  Br2  mirrorless  lasing  was  employed.  This  method 
involved  tuning  the  dye  laser  to  a  fixed  pump  wavelength,  adjusting  the  Br2  pressure  to  a 
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Figure  16.  ASE  Output  vs  Br2  Pressure  Via  Dye  Laser  Scan 

The  solid  curves  represent  a  total  removal  rate  of 
-10  3  11 

2.5  X  10  cm  molecule'  s’  with  a  time  delay  (to)  of 
12  (a),  14  (b),  and  16  (c)  nanoseconds. 


stable  value,  and  then  averaging  the  ASE  output  for  approximately  4  minutes.  The  Brz 
pressure  was  then  adjusted  to  a  new  stable  value  and  the  process  was  repeated.  The  longer 
averaging  period  reduced  the  erratic  nature  of  the  data.  This  procedure  was  employed  at 
various  pump  wavelengths  representing  a  wide  range  of  rotational  levels  in  the  (14,0)  band. 
Figure  17  shows  a  typical  data  set  employing  this  collection  method.  The  solid  curves  in 
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Figure  17.  ASE  Output  vs  Br2  Pressure  at  Fixed  Pump  Wavelength 
Pump  Wavelength  =  564.164  nm  Corresponding  to  the  P(46)  Br2  Line. 
The  solid  curves  represent  a  total  removal  rate  of 
2.3  X  10'  cm  molecule'  s'  with  a  time  delay  (to)  of 
12  (a),  14  (b),  and  16  (c)  nanoseconds. 


Figure  17  will  be  described  shortly.  Additional  data  sets  and  actual  raw  data  plots  are 
contained  in  Appendix  C. 

This  ASE  output  power  as  a  function  of  Br2  pressure  data  can  be  used  to  obtain  a  total 
removal  rate  for  depopulation  of  the  upper  lasing  level,  if  we  recall  the  simplified  model  to 
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study  quenching  described  earlier: 


P  =  Po  exp  (-k[M]tD)  (1) 

Dividing  by  Po  and  taking  the  natural  log  leads  to: 

In  (P/Po)  = -k[M]tD  (15) 

from  which  the  total  removal  rate  k  can  be  extracted.  The  time  delay  between  the  dye  laser 
pump  pulse  and  the  Brz  ASE  pulse,  measured  between  the  peak  of  the  two  pulses,  was  14 
+  2  nanoseconds.  The  solid  curves  in  Figures  16  and  17  represent  total  removal  rates  of  2.5 
X  10'^^  cm^  molecule*'  s*'  and  2.3  x  10'"'  cm^  molecule*'  s*'  respectively  with  time  delays 
(tD)  of  12  (a),  14  (b) ,  and  16  (c)  nanoseconds.  Figure  18  a  displays  the  same  data  as  Figure 
17.  However,  the  solid  curves  of  Figure  18  represent  a  time  delay  of  14  nanoseconds  with 
total  removal  rates  of  2.3  x  10*'"  cm^  molecule*'  s*'  (a),  5  x  10*'"  cm^  molecule*'  s*'  (b), 
and  1.4x10*  cm  molecule*  s*  (c).  Figure  18b  plots  In  (P/Po)  vs  bromine  pressure.  The 
solid  line  of  Figure  18b  depicts  a  line  with  slope  -ktD  and  shows  that  with  a  time  delay  (to) 
of  14  nanoseconds,  a  total  removal  rate  (k)  of  2.3  x  10*'"cm^  molecule*'  s*'  provides  a  good 
fit  to  the  observed  data.  The  agreement  between  the  actual  data  and  the  predicted  values  is 
much  better  with  the  slower  removal  rate  of  2. 3  X  10- 10  cm  molecule  s  .  This  agreement 
with  the  slower  removal  rate  is  typical  of  the  data  sets  collected.  Total  removal  rates  of  2.3 
X  10*'"  cm^  molecule*'  s*'  to  5.0  x  10*'"  cm^  molecule*'  s*'  with  a  time  delay  of  14 
nanoseconds  are  shown  to  be  in  good  agreement  with  the  data  in  Appendix  C.  Thus,  a  total 
removal  rate,  including  all  processes  which  remove  population  from  the  upper  laser  level, 
of  2.9  X  10*'"  cm^  molecule*'  s  '  is  proposed.  This  value  is  the  average  of  all  data  sets 
collected. 
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BROMINE  PRESSURE  (TORR) 

Figure  18a.  The  solid  curves  represent  a  time  delay  (to)  of  14  nanoseconds  with 
total  removal  rates  of  2.3  x  10'^®  cm^  molecule'^  s*^  (a), 

5  X  10*^®  cm^  molecule’^  s'^  (b),  and  1.4  x  10'^  cm^  molecule’^  s'^  (c). 


BROMINE  PRESSURE  (TORR) 

Figure  18b.  ln(P/Po)  vs  bromine  pressure.  The  solid  line  represents  a  slope  of  -kto 
with  tD  =  14  ns  and  k  =  2.3  x  10*^^  cm^  molecule’^  s*^ 


Figure  18.  ASE  Output  vs  Br2  Pressure  with  Different  Removal  Rates 
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The  proposed  total  removal  rate  of  2.9  x  10'*^  cm^  molecule"'  s"'  is  in  close  agreement 
with  the  value  of  2.5  x  10'"' cm^  molecule''  s  '  suggested  by  Perram  and  Davis  (12:2531), 
but  disagrees  with  the  quenching  rate  constant  of  (4.2  i^l.3)  x  10''"  cm^  molecule''  s'' 
reported  by  Clyne  et  al.  (8:961)  and  the  total  removal  rate  on  the  ordf  \A  iO'^  cm^ 
molecule"'  s"'  reported  by  Van  De  Burgt  and  Heaven  (13:415).  It  should  be  noted  that  the 
Clyne  et  al.  work  was  conducted  at  pressures  less  than  100  mTon  y  and  the  Van  De 
Burgt  and  Heaven  data  was  taken  at  pressures  less  than  5  Torr  (13:408).  Meanwhile,  the 
present  work  concentrated  on  pressures  above  5  Torr  similar  to  the  efforts  of  Perram  and 
Davis  (12:2531).  At  these  higher  pressures  quenching  should  be  the  main  factor  depleting 
the  upper  laser  level  and  the  effects  of  energy  transfer  should  be  negligible  which  should 
yield  a  slower  removal  rate.  Also,  the  slower  removal  rates  seem  to  be  in  closer  agreement 
with  the  laser’s  observed  performance.  Using  the  simple  relationship: 

P  =  NkT  (16) 

where  P  is  pressure,  N  is  the  number  of  molecules/cm3,  k  is  Boltzmann’s  constant,  and  T  is 
the  temperature  yields  approximately  3.2  x  10  molecules/cm  at  a  pressure  of  10  Torr, 
near  the  laser’s  peak  output.  At  10  Torr,  a  removal  rate  of  1.4  x  10'^  cm^  molecule"'  s"' 
would  depopulate  the  upper  lasing  level  in  2.2  nanoseconds.  Th’s  does  not  agree  with  the 
observed  time  delay  between  the  dye  pump  pulse  and  ASE  pulse  of  12-16  nanoseconds. 
However,  the  slower  removal  rate  of  2.9  x  10''"cm^  molecule  '  s  ' depopulates  the  10  Torr 
upper  lasing  level  in  10.8  nanoseconds  which  is  much  closer  to  the  observed  time  delay. 


43 


D.  Inverted  Side  Fluorescence 

Early  side  fluorescence  measurements  using  the  Lambda  Physik  Excimer  and  Dye  Lasers 
as  the  dye  pump  source  resulted  in  some  very  unusual  spectra.  During  these  measurements, 
a  pressure  meter  was  unavailable.  Qualitatively,  three  sets  of  spectra  were  obtained:  one  set 
at  extremely  high  bromine  pressure  (enough  to  totally  absorb  the  dye  pump  beam)  shown 
in  Figure  19,  one  set  at  a  moderately  high  bromine  pressure  (enough  to  totally  absorb  the 
dye  pump  beam  at  certain  wavelengths  and  partially  absorb  it  at  other  wavelengths) 
displayed  in  Figure  20,  and  one  set  at  relatively  low  bromine  pressure  (the  dye  pump  beam 
was  only  partially  absorbed  at  all  waveF  igths  observed)  depicted  in  Figure  21 .  Examination 
of  the  three  «cans  reveals  some  very  unusual  features.  The  spectra  at  extremely  high  and 
moderately  high  pressures  appear  to  be  inverted.  Nulls  rather  than  peaks  occur  at  strong 
bromine  absorption  lines.  Secondly,  all  three  spectra  seem  to  lack  the  characteristic  P-R 
doublet  structure  expected  of  the  halogen  molecules.  Examination  of  the  second  differences 
between  adjacent  deep  nulls  in  Figures  19  and  20  and  strong  peaks  in  Figure  21  allowed 
rotational  assignments  to  be  made.  Figure  22  shows  a  comparison  of  the  measured 
differences  AF(J)=P(J)-P(J+1)  with  the  differences  obtained  using  the  constants  of  Barrow 
et  al-O)  for  the  (14,0)  band  for  the  extremely  high  pressure  (a),  moderately  high  pressure 
(b),  and  relatively  low  pressure  (c)  cases.  The  observed  and  calculated  differences  show  a 
fair  agreement.  This  agreement  leads  to  the  belief  that  the  spectral  features  are  indeed  real 
and  attributable  to  Br2.  It  is  believed  the  inverted  nature  of  the  spectra  at  higher  pressures 
is  due  to  the  weakness  of  the  pump  beam,  and  the  lack  of  P-R  doublet  structure  is  due  to  the 
duration  and  linewidth  of  the  pump  beam.  It  is  suggested  that  the  pump  beam  signal  is  weak 
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enough  that,  at  the  higher  pressures,  the  entire  pump  beam  has  been  absorbed  at  the  stror  g 
Bt2  lines  before  reaching  the  detector  location.  Thus,  at  these  strong  absorption  lines,  no 
incident  beam  exists  and  the  detected  signal  is  weaker  than  the  side  fluorescence  at  adjacent 
wavelengths  and  therefore  appears  as  a  null  or  inverted  peak.  Although  this  behavior  could 
not  be  precisely  modeled,  a  model  showing  the  relative  intensity  of  the  beam  at  the  detector 
has  been  developed.  This  model,  detailed  in  Appendix  D,  calculates  the  bromine  absorption 
coefficient  and  uses  it  to  plot  lout/Iin  =  exp(-al)  as  a  function  of  dye  pump  beam  wavelength. 
A  sample  plot  at  a  Brz  pressure  of  128  Torr  and  a  detector  location  (1)  of  25  cm  is  contained 
in  F'gure  23.  Although  this  plot  does  not  precisely  match  the  actual  spectra  observed,  it 
does  show  the  nulling  of  the  beam  intensity  in  a  periodic  fashion  due  to  strong  bromine 
absorption  lines. 

During  the  experimentation,  the  Lambda  Physik  Excimer  Laser  developed  a  gas  leak 
necessitating  a  change  of  pump  sources  to  the  Quanta-Ray  Nd:YAG  pumped  dye  laser 
system  described  earlier.  After  changing  to  the  Quanta-Ray  system,  the  inverted  side 
fluorescence  spectra  could  not  be  duplicated. 
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Figure  19.  Inverted  Side  Fluorescence  at  Extremely  High  Pressure 


Figure  21.  Inverted  Side  Fluorescence  at  Relatively  Low  Pressure 
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Figure  22.  Second  Differences  for  Inverted  Spectra 
extremely  high  pressure  (a),  moderately  high  pressure  (b), 
and  relatively  low  pressure  (c)  cases. 


V.  Conclusion 


A.  Summary  and  Conclusions 

The  primary  objective  of  this  effort  was  to  investigate  the  quenching  kinetics  of  the  B 
state  of  Br2  through  a  detailed  characterization  of  an  optically  pumped  molecular  bromine 
laser.  This  included  characterization  of  the  pressure  dependence  of  the  laser. 

The  approach  was  to  optically  pump  molecular  bromine  in  a  sealed  cell.  As  the  single 
pass  gain  for  molecular  bromine  is  on  the  order  of  0. 1 1/cm  ( 1 2:2532),  amplified  spontaneous 
emission  (ASE)  was  employed.  ASE  offered  the  advantage  of  a  simpler  optical  system  with 
no  externally  induced  wavelength  dependencies.  Measurements  of  unresolved  side  fluores¬ 
cence  and  stimulated  emission  spectra  were  recorded.  Stimulated  emission  as  a  signal 
monitor  offered  greater  resolution  than  side  fluorescence  spectra  and  facilitated  spectro- 
scopic  assignment.  The  spectra  obtained  were  attributed  to  the  (14,0)  band  of  the  Br  Br 
isotope.  The  data  showed  the  ASE  output  to  be  dependent  on  the  Br2  pressure  in  the  gain 
cell.  The  A  SE  output  peaked  around  Br2  pressures  from  8- 1 2  Torr.  This  behavior  is  similar 
to  the  output  peak  near  10  Torr  observed  by  Wodarczk  and  Schlossberg  (11:4480)  and  the 
peaked  output  around  10-15  Torr  noted  by  Perram  and  Davis  (12:2530).  The  data  was  also 
used  to  extract  and  propose  a  total  removal  rate,  including  all  processes  which  remove 
population  from  the  upper  laser  level,  of  2.9  x  10*'^  cm^  molecule'^  s"'.  This  removal  rate 
is  in  close  agreement  with  the  value  of  2.5  x  10*'®  cm^  molecule"'  s"'  suggested  by  Perram 
and  Davis  (12:2531),  but  disagrees  with  the  quenching  rate  constant  of  (4.2  ±  1.3)  x  10"'^ 

cm  molecule  s’  reported  by  Clyne  era/.  (8:961)  and  the  total  removal  rate  on  the  order 
9  3  1-1 

ofl.4xl0’  cm  molecule  s  reportedby  Van  DeBurgt  and  Heaven  (13:415).  The  slower 
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removal  rates  proposed  by  the  current  work  and  suggested  by  Perram  and  Davis  seem  to 
more  closely  describe  the  observed  performance  of  the  optically  pumped  molecular  bromine 
laser.  The  slower  rates  are  more  consistent  with  the  ASE  output  pressure  dependence  and 
the  observed  time  delay  between  the  dye  pump  beam  and  ASE  pulses. 

An  interesting,  but  not  fully  understood,  set  of  inverted  side  fluorescence  measurements 
were  obtained  during  the  early  portions  of  the  work.  These  spectra  appear  real  and 
attributable  to  Br2  due  to  a  fair  agreement  between  observed  and  calculated  differences  of 
adjacent  lines.  It  is  believed  the  inverted  nature  of  the  spectra  at  higher  pressures  is  due  to 
the  weakness  of  the  pump  beam,  and  the  lack  of  P-R  doublet  structure  may  be  due  to  the 
duration  and  linewidth  of  the  pump  beam.  It  is  suggested  that  the  pump  beam  signal  is  weak 
enough  that,  at  the  higher  pressures,  the  entire  pump  beam  has  been  absorbed  at  the  strong 
Br2  lines  before  reaching  the  detector  location.  Thus,  at  these  strong  absorption  lines,  no 
incident  beam  exists  and  the  detected  signal  is  weaker  than  the  side  fluorescence  at  adjacent 
wavelengths  and  therefore  appears  as  a  null  or  invened  peak.  Although  these  spectra  do 
indeed  appear  attributable  to  Br2,  they  could  not  be  duplicated  in  later  measurements  made 
with  a  different  pump  source. 

B.  Future  Work 

Reponed  total  removal  rates  for  the  upper  laser  level  range  from  the  2.5  x  10  cm 
molecule’  s’  suggested  by  Perram  and  Davis  (12:2531)  to  the  1.4  x  10  cm  molecule 
s’'  reported  by  Van  De  Burgt  and  Heaven  (13:415).  Further  studies  are  required  to  resolve 
these  differences.  It  is  suggested  that  additional  measurements  be  taken  via  method  two 
which  involved  using  stimulated  emission  as  a  signal  monitor,  tuning  the  dye  laser  to  a  fixed 
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pump  wavelength,  adjusting  the  Bn  pressure  to  a  stable  value,  and  then  averaging  the  ASE 
output  for  approximately  4  minutes.  The  Bn  pressure  was  then  adjusted  to  a  new  stable 
value  and  the  process  was  repeated.  This  method  allows  a  longer  averaging  period  and 
reduces  the  erratic  nature  of  the  data.  Measurements  should  be  made  at  many  Br2  pressures 
from  1  to  60  Torr  and  at  various  pump  wavelengths  to  gain  a  better  understanding  of  the 
laser  output’s  pressure  dependence.  Another  interesting  study  would  be  to  examine  the 
upper  laser  level  removal  rate  with  collision  partners  other  than  Bn. 

Finally,  the  inverted  side  fluorescence  spectra  should  be  revisited.  This  could  be  done 
in  two  ways:  The  first  would  be  to  use  the  Lambda  Physik  system,  once  it  is  operational, 
as  the  pump  source  and  attempt  to  duplicate  the  inverted  spectra.  The  second  would  be  to 
put  more  effort  into  development  of  a  theoretical  model  of  the  spectra.  These  inverted 
spectra  are  of  interest  as  the  null  to  background  ratio  appears  to  provide  greater  resolution 
than  does  a  typical  side  spectra. 
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Appendix  A 


Side  Fluorescence  Data 

Figures  24  and  25  display  the  side  fluorescence  magnitude’s  exponential  dependence  on 
bromine  pressure  and  detector  location  respectively.  Figures  26  through  34  depict  raw  side 
fluorescence  data. 
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Figure  27.  Side  Fluorescence: 
Detector  at  50  cm,  Br2  Pressure  128  Torr 
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Figure  28.  Side  Fluorescence: 
Detector  at  75  cm,  Br2  Pressure  128  Torr 
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Figure  30.  Side  Fluorescence: 
Detector  at  50  cm,  Br2  Pressure  62  Torr 
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Figure  32.  Side  Fluorescence: 
Detector  at  25  cm,  Brz  Pressure  14  Torr 
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Figure  33.  Side  Fluorescence: 
Detector  at  50  cm,  Br2  Pressure  14.5  Torr 
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Appendix  B 


Stimulated  Emission  Spectra 

Figures  35  through  38  display  spectra  obtained  using  stimulated  emission  as  a  signal 
monitor.  This  raw  data  was  used  to  construct  Figure  16. 
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Figure  37.  Sti 


Appendix  C 


ASE  Output  vs  Br2  Pressure  at  Fixed  Pumped  Wavelength 

Figures  39a  through  42a  show  the  ASE  output  dependence  on  Br2  pressure  for  various 
pump  wavelengths.  The  solid  curves  represent  the  appropriate  total  removal  rates  from  the 
upper  lasing  level  with  time  delays  (to)  of  12  (a),  14  (b) ,  and  16  (c)  nanoseconds.  Figures 
39b  through  42b  plot  In  (P/Po)  vs  bromine  pressure.  The  solid  lines  represent  lines  with  a 
slope  of  -ktD  for  each  data  set.  Figures  43  through  47  represent  the  raw  data  used  to  generate 
Figure  17  and  Figures  39  through  42.  This  data  was  collected  via  method  two  which 
involved  sitting  at  a  fixed  pump  wavelength  and  varying  the  Br2  pressure  as  described  earlier. 
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Figure  39a.  The  solid  curves  represent  a  total  removal  rate  of 

•In  1*1 

2.5  X  10  cm  molecule  s  with  a  time  delay  (tD)  of 
12  (a),  14  (b),  and  16  (c)  nanoseconds. 
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BROMINE  PRESSURE  (TORR) 

Figure  39b.  ln(P/Po)  vs  bromine  pressure.  The  solid  line  represents  a  slope  of  -kto 
with  tD  =  14  ns  and  k  =  2.5  x  10’'®  cm^  molecule"'  s"'. 

Figure  39.  ASE  Output  vs  Br2  Pressure 
at  Fixed  Pump  Wavelength  of  565.412  nm 
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BROMINE  PRESSURE  (TORR) 

Figure  40a.  The  solid  curves  represent  a  total  removal  rate  of 
5.0  X  10'^^  cm^  molecule'*  s'*  with  a  time  delay  (to)  of 
12  (a),  14  (b),  and  16  (c)  nanoseconds. 
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BROMINE  PRESSURE  (TORR) 

Figure  40b.  ln(P/Po)  vs  bromine  pressure.  The  solid  line  represents  a  slope  of  -kto 
with  tD  =  14  ns  and  k  =  5.0  x  10'*^  cm^  molecule  *  s'^ 


Figure  40.  ASE  Output  vs  Brz  Pressure 
at  Fixed  Pump  Wavelength  of  562.856  nm 
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BROMINE  PRESSURE  (TORR) 

Figure  41a.  The  solid  curves  represent  a  total  removal  rate  of 
2.7  X  10’^^  cm^  molecule’*  s'*  with  a  time  delay  (to)  of 
12  (a),  14  (b),  and  16  (c)  nanoseconds. 


BROMINE  PRESSURE  (TORR) 

Figure  41b.  ln(P/Po)  vs  bromine  pressure.  The  solid  line  represents  a  slope  of  -ktD 
with  to  =  14  ns  and  k  =  2.7  x  10'***  cm^  molecule  *  s’*. 


Figure  41.  ASE  Output  vs  Br2  Pressure 
at  Fixed  Pump  Wavelength  of  562.868  nm 
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BROMINE  PRESSURE  (TORR) 

Figure  42a.  The  solid  curves  represent  a  total  removal  rate  of 
2.4  X  10'^®  cm^  molecule'*  s'*  with  a  time  delay  (to)  of 
12  (a),  14  (b),  and  16  (c)  nanoseconds. 


BROMINE  PRESSURE  (TORR) 

Figure  42b.  ln(P/Po)  vs  bromine  pressure.  The  solid  line  represents  a  slope  of  -kto 
with  tD  =  14  ns  and  k  =  2.4  x  10  ***  cm  molecule  *  s  *. 


Figure  42.  ASE  Output  vs  Brz  Pressure 
at  Fixed  Pump  Wavelength  of  565.420  nm 
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Figure  43.  Raw  ASE  Output  vs  Br2  Pressure 
Pump  Wavelength  of  565.412  nm 
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Pump  Wavelength  of  565.420  nm 


Appendix  D 


Mathematical  Model 

This  appendix  details  the  mathematical  model  used  to  predict  the  amplitude  of  the  dye 
pump  beam  at  the  detector  location  during  side  fluorescence  measurements.  The  model, 
while  not  exactly  duplicating  the  inverted  side  fluorescence  spectra,  shows  the  general  trend 
of  an  inverted  side  fluorescence  spectra  encountered  during  early  experimentation.  The 
mathematical  model  consists  of  three  parts:  Part  one  is  a  data  file  containing  the  line 
positions  (generated  with  the  constants  of  Barrow  et  al.{3))  of  the  (14,0),  (17,1),  and  (20,2) 
bands  of  bromine.  Separate  data  files  were  used  for  each  of  the  three  bromine  isotopes.  Part 
two  is  a  MATHCAD  program  which  reads  the  data  file  and  calculates  the  bromine  absorption 
coefficients  taking  into  account  the  pressure,  appropriate  spectroscopic  constants,  Franck- 
Condon  factors,  rotational  population  effects,  and  relative  isotope  distributions  (the  bromine 
isotopes  Br  Br  and  Br  Br  each  have  relative  populations  of  approximately  one  half 
the  Br  Br  isotope  population).  Separate  MATHCAD  programs  were  used  for  each 
bromine  isotope  to  generate  three  separate  data  files  of  absorption  coefficieir.s.  Part  three 
consisted  of  a  MATHCAD  program  which  read  in  the  absorption  coefficients,  added  them 
together,  and  applied  a  Doppler  line  shape  to  form  and  plot  a  spectrum  based  on  loui/lin  = 
exp(-al).  Figure  48  shows  a  typical  line  position  data  file.  Figure  49  depicts  a  sample 
absorption  coefficient  generation  program  for  one  isotope,  and  Figure  50  lists  the  program 
used  to  read  the  absorption  coefficients,  add  linewidth,  and  plot  a  theoretical  spectrum. 
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Figure  48.  Model  Part  One:  Sample  Line  Position  Data  File 
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Figure  49.  Model  Pan  Two: 

Sample  Absorption  Coeff  Generation  Program 
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Figure  49.  Model  Part  Two: 

Sample  Absorption  Coeff  Generation  Program 
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Figure  50.  Model  Part  Three; 
Program  to  Add  Linewidth  and  Plot  Spectrum 
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